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The interesting unimolecular dissociation chemistry of dimethyl oxalate (DMO) ions, CH3O–
C(AO)–C(AO)–OCH3
z1, has been studied by vacuum ultraviolet photoionization and tandem
mass spectrometry based experiments. The measured appearance energy (AE) for the
generation of CH3O–CAO
1 (10.5 eV) is not compatible with a simple bond cleavage involving
the cogeneration of the radical CH3O–CAO
z whose calculated AE is 11 kcal/mol higher.
However, because the CH3O–CAO
z radical is thermodynamically less stable than its dissoci-
ation products CH3
z and CO2, by 19 kcal/mol, a two-step dissociation of ionized DMO into
CH3O–CAO
1 1 CH3
z 1 CO2 is energetically feasible. Collision induced dissociative ioniza-
tion experiments clearly show that low energy DMO ions dissociate into CH3
z 1 CO2 without
the intermediacy of CH3O–CAO
z. Experiments using a charged collision chamber further
indicate that CO2 is released first, followed by loss of CH3
z and not vice versa and a mechanism
is proposed. The measured AE, which we assign to the two-step process, is 8 kcal/mol higher
than the calculated value. This could be due to a competitive shift caused by a prominent low
energy decarbonylation reaction yielding the hydrogen bridged radical cation
CH2AO z z z H z z z OAC–OCH3
z1. However, from metastable ion observations and AE measure-
ments on deuterium labeled DMO ions, it follows that there is no competitive shift and that the
elevated AE for the two-step process corresponds to the barrier for the first step, loss of CO2.
Finally, neutralization–reionization experiments on ionized DMO and CH3O–CAO
1 provide
evidence for the existence of CH3O–CAO
z as a kinetically stable radical. (J Am Soc Mass
Spectrom 1999, 10, 869–877) © 1999 American Society for Mass Spectrometry
More than 10 years ago, the structure, dissoci-ation characteristics, and enthalpy of forma-tion (DHf) of the methoxycarbonyl cation,
CH3O–CAO
1, and 11 of its isomers was investigated
with the fruitful combination of tandem mass spectrom-
etry and ab initio molecular orbital (MO) calculations
[1]. The proposed DHf[CH3O–CAO
1] 5 120 kcal/mol
was based on the ab initio calculated energy difference
(221 kcal/mol) with the hydroxyoxiranyl isomer,
OCH2C
1OH, whose DHf (141 6 1 kcal/mol) was ob-
tained from an accurate appearance energy (AE) mea-
surement using monochromatic electrons [1]. Shortly
after that report, the methyl cation affinity (MCA) of
CO2 was reported [2] and the DHf [CH3O–CAO
1]
value derived therefrom supported the above 120 kcal/
mol. This value was in poor agreement with the re-
ported results (Table 3 in ref 1) of direct AE measure-
ments on m/z 59, CH3O–CAO
1 ions generated from a
large set of precursor molecules. These experiments
gave DHf [CH3O–CAO
1] 5 130 6 4 kcal/mol, but
these higher values were reasonably attributed to a
competitive shift. However, a very recent Gaussian-2
theoretical study, which also includes a reassessment of
the experimental data from refs 1 and 2, yields a
recommended value DHf [CH3O–CAO
1] 5 129 6 2
kcal/mol [3].
One hitherto unpublished key experimental observa-
tion seems to be at odds with this recommended value.
It concerns the behavior of dimethyl oxalate (DMO),
CH3O–C(AO)–C(AO)–OCH3, whose 70-eV electron
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impact mass spectrum [4] is dominated by peaks at m/z
59 (CH3O–CAO
1, base peak) and m/z 45 (35%). Beynon
et al. [4], in a detailed metastable ion study, investigated
the origins of the m/z 45 (CH3–O–CH2
1) ions and con-
cluded that they result from a high energy rearrange-
ment reaction initiated by a 1,5-H transfer, but no
further low energy processes were reported. The m/z 59
ions clearly have the CH3O–CAO
1 structure (from
comparison with reference CID spectra) whereas colli-
sion induced dissociative ionization (CIDI) [5] experi-
ments reported in ref 6 indicate that the neutral lost is
CH3O–CAO
z. Thus ionized DMO seems to generate
CH3O–CAO
1 ions via a simple bond cleavage reaction
and because it has a discrete molecular ion, it may
reasonably be expected to serve as a suitable precursor
molecule to establish a reliable heat of formation for the
methoxycarbonyl cation. The AE (m/z 59) from DMO
was measured by the late Dr. F. P. Lossing as 10.48 6
0.05 eV (sharp onset) [7] in the context of the work
reported in ref 1, but combining this result with the
experimental DHf values of CH3O–CAO
1 and DMO
available at that time, viz., 2 40 6 2 [8] and 2 169.5 6
0.1 [9, 10a] kcal/mol, respectively, yielded an incom-
prehensibly low apparent DHf [CH3O–CAO
1] 5 112
kcal/mol!
However, in 1996 Liebman et al. [11] remeasured
DMO’s sublimation enthalpy and arrived at 2 162.9 6
0.2 kcal/mol for its gaseous enthalpy of formation at
298 K. This new DHf [DMO] value (which is not quoted
in the compilation of [10b]) is in excellent agreement
with the expected methyl substitution effect, 1 5.5
kcal/mol per methyl group [12], on the DHf of the
parent acid, DHf [oxalic acid] 5 2 173 kcal/mol [13],
and a CBS-4 calculation performed in our laboratory
which gave DHf
298 [DMO] 5 2 163 kcal/mol [14]. Us-
ing this new value in conjunction with the above AE
measurement yields an apparent DHf [CH3O–
CAO1] 5 119 kcal/mol, supporting the original value
proposed in [1], but being clearly at odds with the
recommended value of 129 6 2 kcal/mol [3].
In this context we note that if the neutral species lost
in this dissociation would not be CH3O–CAO
z but
rather its (exothermic!) dissociation products CH3
z 1
CO2 (SDHf 5 259 kcal/mol [10]), the apparent DHf
[CH3O–CAO
1] would become 138 kcal/mol, consider-
ably higher than the recommended value. Using DHf
[CH3O–CAO
1] 5 129 kcal/mol and assuming thresh-
old generation of CH3
z 1 CO2 as the accompanying
neutral products in the dissociation of DMO, the AE is
calculated as 10.1 eV, some 0.5 eV lower than the
measured value, but this would only be reasonable if
the reaction suffered from a considerable competitive
shift due to a low energy rearrangement. We further
note that apart from the evidence presented in [6] there
is as yet only indirect evidence [8] for the existence of
the CH3O–CAO
z radical as a stable neutral, albeit that
calculations at a fairly high level of theory (B3LYP/6-
311G(d,p) 1 ZPE) [15] predict it to be kinetically stable
with a barrier of 27 kcal/mol preventing its exothermic
dissociation into CH3
z 1 CO2.
To resolve the above noted dilemma, we report here
on the results of a tandem mass spectrometry study of
low energy DMO ions and their deuterium labeled
isotopomers CD3OC(AO)–C(AO)–OCH3 and CD3O–
C(AO)–C(AO)–OCD3 in conjunction with selected
photoionization experiments. It will be shown that the
CIDI spectrum of DMOz1, unlike that of ionized methyl
pyruvate, CH3–C(AO)–C(AO)–OCH3
z1, is not compat-
ible with the formation of the CH3O–CAO
z neutral in
the dissociation of the low energy molecular ions but
rather with the formation of CO2 1 CH3
z . The measured
AE corresponds to this two-step process and does not
suffer from a competitive shift; rather, the elevated AE
corresponds to a barrier for the first step, loss of CO2. A
rationale will be given for the (incorrect) structure
assignment of the CIDI spectrum of DMO presented in
[6] and this will be followed by an analysis of the
strikingly different CIDI and NR behavior of the CH3O–
CAOz/CH3O–CAO
1 system.
Experimental
The DMO sample used in this study was obtained
by Aldrich and used without further purification.
The D-labeled isotopomers CD3O2CCO2CH3 and
CD3O2CCO2CD3 were prepared on a mg scale by react-
ing 90 mL of oxalyl chloride (Aldrich) with 200 mL of a
1:1 CD3OD/CH3OH mixture and pure CD3OD, respec-
tively, at room temperature for ;30 min, followed by
removal of the excess methanol with a rotary pump.
The residual crystalline solids were introduced without
further purification into the mass spectrometer using an
all quartz direct liquids insertion probe whose sample
reservoir was cooled with an ice/water mixture. Meth-
ylpyruvate-OCD3 was synthesized from pyruvic acid
and CD3OH using a standard procedure.
The tandem mass spectrometric experiments were
performed with the McMaster University VG Analyti-
cal (Manchester, UK) ZAB-R instrument of BE1E2 geom-
etry (B, magnet; E, electric sector) [16] using an acceler-
ating voltage of 8 or 10 keV. Metastable ion (MI) mass
spectra were recorded in the second field-free region
(2ffr); collision-induced dissociation (CID) mass spectra
were recorded in the 2 and 3ffr using oxygen as
collision gas (transmittance T 5 70%). The CID mass
spectra of the 2ffr metastable or CID peaks (MS/MS
experiments) were obtained in the 3ffr using O2 as the
collision gas. Neutralization–reionization (NR) [17]
spectra were recorded in the 2ffr using N,N-dimethyl-
aniline as the reducing agent and oxygen gas for
reionization. The CIDI spectra shown in Figure 5 were
obtained in the 2ffr using O2 for collisional ionization.
All spectra were recorded using a small PC-based data
system developed by Mommers Technologies (Ottawa).
Ionization and appearance energy measurements
were performed using the technique of vacuum ultra-
violet (VUV) photoionization mass spectrometry
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(PIMS) as described in detail in [18]. Briefly, photoion-
ization is induced by a pulsed vacuum UV light source,
a Hinteregger discharge in hydrogen producing the
many-line spectrum. Photoions are ejected from the ion
source into a quadrupole mass filter by a drawout
pulse. The ion lifetime sampled prior to dissociation in
the present experiment is about 24 ms. The outcomes of
the PIMS experiment are photoionization efficiency
(PIE) curves, from which ionization energies (IEs) and
AEs can be deduced. The effective wavelength resolu-
tion employed is 5.0 Å. This corresponds to an energy
resolution of about 0.04 eV near the ionization threshold
of DMO (10.0 eV) and of about 0.05 eV near the
fragmentation onsets.
Results and Discussion
The Dissociation Chemistry of Low Energy
Dimethyl Oxalate Ions: Single or Two-Step
Process?
Although CH3O–CAO
1 is the base peak in the normal
mass spectrum of DMO, 1z1 (see Figure 1a), it is but a
minor signal in the metastable ion (MI) mass spectrum,
which instead is dominated by loss of CO (see Figure
1b), obviously the result of rearrangement. Figure 1a,b
represents textbook examples of the enormous differ-
ences that can be encountered between conventional
and MI mass spectra [19]: while for the higher energy
ions, i.e., those fragmenting with rate constants .106
s21, the (putative) direct bond cleavage is the dominant
process, the rearrangement reaction is the major process
for the lower energy ions. Thus, the rearrangement
reaction has a low activation energy and a low fre-
quency factor, whereas the direct bond cleavage has a
high activation energy and a high frequency factor and
so the k versus E curves for the two processes will cross.
In such cases the measured AE for the simple cleavage
process may be too high because (and as exemplified by
the MI mass spectrum; see Figure 1b) close to threshold
this reaction cannot compete with the rearrangement
process sufficiently to be observed. This is the so-called
“competitive shift” [20] mentioned in the Introduction
and such a shift could be the reason that the observed
AE is some 0.4 eV larger than the calculated value. The
MI spectrum (Figure 1b) also contains a weak signal for
loss of CO2, which too must be the result of a rearrange-
ment reaction. Although the corresponding peak at m/z
74 is weak, this reaction will prove to be of critical
importance for our understanding of the unimolecular
chemistry of DMOz1 ions. Interestingly, we observed
that a large isotope effect operates among the low
energy ions which operates against the loss of CO. In
the MI mass spectrum of CD3OC(AO)–C(AO)–OCD3
z1
(DMO-d6) (see Figure 1c), loss of CO is considerably
suppressed and the loss of CO2 (leading to m/z 80) and
the formation of CD3O–CAO
1 (m/z 62) now become
major processes. To trace the origin of this large effect,
we need to establish the structure and mechanism of
formation of the [M–CO]z1 ions.
In a previous study [6] we had proposed that prior to
dissociation, ionized methyl glycolate, HOCH2–
C(AO)–OCH3
z1, rearranges to dimethyl carbonate,
CH3O–C(AO)–OCH3
z1 via the key intermediate hydro-
gen bridged radical cation CH2AO z z z H z z z OAC–
OCH3
z1, 2z1, formed by hydrogen bridging and concom-
itant C–C cleavage. Ions 2z1 could be independently
Figure 1. (a) The EI mass spectrum of DMO; (b) and (c) MI
spectra of DMO and DMO-d6 molecular ions, respectively. For
dimethyl oxalate and its two labeled isotopomers (CH3O/CD3O
and CD3O/CD3O), the sum of the intensities of all the metastable
ions over the intensity of the main beams are 1.37, 1.23, and 0.40
(all 3 1023), respectively.
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generated, as a product ion, rather than a rearranged
molecular ion, by the loss of the indicated CO from the
ionized methylester of a-hydroxy pyruvic acid,
HOCH2–C(AO)–C(AO)–OCH3
z1 [21], again by in-
tramolecular hydrogen bridging and C–C cleavage,
followed by loss of CO. The CID mass spectrum of 2z1
contains two intense signals of almost equal intensity at
m/z 31, CH2OH
1, and m/z 60, the ionized carbene
CH3O–C–OH
z1, and considering the very similar pro-
ton affinities of CH2AO and CH3O–CAO
z (170 and 168
kcal/mol, respectively, [8, 10]), this is precisely what is
expected for the hydrogen bridged structure
CH2AO z z z H z z z OAC–OCH3
z1, 2z1. It was observed
that the CID mass spectrum of the [M–CO]z1 ions
generated from DMO ions was superimposable to that
of 2z1 and so we conclude that DMOz1 also decarbony-
lates into 2z1. The mechanism proposed for this disso-
ciation in Scheme 1 is similar to that proposed by
Tajima et al. for the decarbonylation of ionized di-
methyl malonate [22].
The reaction commences with a 1,5-hydrogen shift to
produce the distonic ion 1az1. The formaldehyde dipole
then moves along the electrostatic field of the incipient
methoxy hydroxy ketene radical cation to produce the
hydrogen bridged species 1bz1, which then releases CO
to produce 2z1. The large isotope effect mentioned
above can now be associated with the 1,5-H shift being
rate determining and if this is so, this 1,5-H shift does
not take place prior to the loss of CO2 and also not prior
to formation of CH3OOCAO
1 because these processes
do not suffer from the isotope effect. With respect to
loss of CO2, CID and MI experiments showed that the
product ions are ionized dimethoxy carbene, CH3O–C–
OCH3
z1 [23] and not any other isomer, such as ionized
methyl acetate. We further note that metastable CH3O–
C–OCH3
z1 ions lose CH3
z to produce CH3O–CAO
1 and
that this reaction is associated with a relatively large
kinetic energy release, T0.5 5 180 meV. This parallels
earlier observations [24] that loss of R1
z from ionized
oxycarbenes R1OC–R2
z1 proceeds via large (0.7–1.35 eV)
reverse barriers. Thus, it is possible in principle that
formation of CH3O–CAO
1 from DMOz1 ions proceeds
via consecutive [25a] losses of CO2 and CH3
z , rather than
by direct loss of CH3O–CAO
z. However, as mentioned
above, loss of CH3
z from CH3O–C–OCH3
z1 proceeds via
a large barrier and so at first sight a consecutive
fragmentation would not appear energetically attrac-
tive. However, the radical CH3O–CAO
z is one of those
few neutral species whose direct dissociation products
lie below the species itself: thus the separate products
CO2 1 CH3
z lie 19 kcal/mol below the intact structure
CH3O–CAO
z [8]. Now, if DMOz1 can first release CO2
(which it does; see above) and then CH3
z without the
intermediacy of CH3OCAO
z, then in principle a signif-
icant amount of energy could be saved, perhaps suffi-
cient to overcome the barrier for loss of CH3
z from the
putative intermediate CH3O–C–OCH3
z1. These matters
will be addressed in the next section. That consecutive
losses of CO2 1 CH3
z do occur becomes evident from an
experiment using a charged collision chamber [25b].
The CID mass spectrum of CD3O–(CAO)–(CAO)–
OCD3
z1 was recorded (accelerating voltage 10 kV)
and 1 1000 V was applied to the collision chamber. The
peaks for the losses of CO and CO2 behaved as expected
and were split into two components, one for reactions
taking place outside the cell and one for processes
occurring inside the cell. However, the signal for
CD3O–CAO
1 was split into three components; see
Figure 2. The peaks at 5000 and 5500 V correspond to
dissociations taking place outside and inside the cell,
respectively, but the third peak at 5225 V corresponds to
a consecutive process: m/z 1243 m/z 80 (1 CO2) taking
place in front of the cell and m/z 80 3 m/z 62 (1 CD3
z )
occurring in the chamber. This experiment shows that
excited ions may indeed first lose CO2 and then CD3
z .
The absence of a signal at 5415 V shows that the reverse
process, i.e., first loss of CD3
z and then loss of CO2, does
not take place.
Assuming that at threshold the reaction is also a
two-step process, there are two rationalizations for the
high AE for m/z 59 from DMO: (i) the reaction suffers
from a competitive shift and (ii) there is no competitive
shift and one step has a reverse barrier and is rate
determining.
Scheme 1
Figure 2. CID peaks for the generation of CD3O–CAO
1 ions
from 10-kV m/z 124 DMO-d6 molecular ions with 1 1000 V
applied on the collision chamber.
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Photoionization Measurements: Competitive Shift
or Barrier?
The IE of DMO and the AE of its most important
dissociation products were measured using the tech-
nique of photoionization mass spectrometry [18]. The
ion lifetime sampled prior to dissociation is 24 ms, well
beyond the metastable time frame. The results are
compiled in Table 1 (included is the AE measured using
monochromatic electrons [7]) and some representative
ionization efficiency curves are given in Figure 3. The
adiabatic IE (9.95 eV) corresponds well with the onset of
the first band in the photoelectron spectrum of DMO
[26]. It can be seen from Table 1 that the processes
observed in the metastable time frame (loss of CO from
DMOz1, as well as formation of CD3O–CAO
1 and loss
of CO2 from DMO–d6
z1) all have, within experimental
error, the same AE. Thus, the AE for formation of
CD3O–CAO
1 may well be a true threshold value and
not suffer from a competitive shift. From the PI data an
energy diagram may be constructed; see Figure 4.
The energy requirement for the dissociations in the
metastable time frame is only ;10 kcal/mol and this is
too small to allow DMO molecular ions to be metasta-
ble, unless more stable forms can be accessed via
rearrangement reactions [28]. One such stable species is
the distonic ion 1az1 in Scheme 1 but this ion is only
involved in the decarbonylation reaction which is
greatly suppressed in the MI spectrum of the D6 labeled
isotopomer. Another is the distonic ion zCH2OC
1(OH)–
C(AO)–OCH3, but formation of this (unreactive) spe-
cies involves a 1,4-H shift with an expected activation
energy in the 10 kcal/mol range [6]. A more likely
explanation is that upon ionization the initially gener-
ated DMO ions relax to a more stable long bonded
species of the type [CH3O–(OA)C]
1———z[C(AO)–
OCH3]. Support for this proposal comes from compu-
tational studies on HOCH2–CH2OH, HOCH(CH3)–
CH2OH, and CH3C(AO)–CH2OH [29] which indicate
that the initially generated molecular ions of conven-
tional structure spontaneously rearrange to a consider-
ably more stable species characterized by a long one
electron C–C bond. In agreement with the proposal that
significant geometry changes take place in DMO upon
ionization is the observation that a survivor signal is
absent in its NR spectrum (see below). Thus we propose
that the long bonded ions 1cz1 in Scheme 2 contribute to
the “metastability” of the DMO ions and also that such
ions play a key role in the mechanism for loss of CO2.
As proposed in Scheme 2, the long bonded ions 1cz1
may promote migration of the CH3O–CAO
z dipole
within the electrostatic field of the CH3O–CAO
1 ion to
produce 1dz1 which then undergoes a methyl cation [29,
30] transfer to produce dimethoxycarbene product ions.
The 10-kcal/mol barrier, we propose, is associated with
the actual methyl cation transfer.
It is further shown in Figure 4 that the direct cleav-
age of DMO ions into CH3O–CAO
1 1 CH3OCAO
z lies
too high in energy, but that the products formed by
consecutive losses are energetically accessible. We
therefore propose that formation of CH3O–CAO
1 oc-
curs first by loss of CO2 to produce CH3O–C–OCH3
z1
(itself a stable species) which then loses CH3
z . That the
metastable ions do indeed form CO2 and CH3
z (as
opposed to intact CH3O–CAO
z) follows from the exper-
iments described in the following section.
CIDI Experiments
The CIDI mass spectrum of CH3O–CAO
z produced
from metastable DMOz1 ions has been discussed previ-
ously [6] in the context of rearrangement/dissociation
reactions of ionized methyl glycolate. Because (see
Figure 1b, c) DMO-d6 yields more CD3O–CAO
1 rela-
tive to other products, it was decided to use DMO-d6 for
our new CIDI experiments. The CIDI mass spectrum of
DMO-d6
z1 is given in Figure 5a (this spectrum is better
mass-resolved than that in ref 6 because the precursor
ion is fully deuterated). The signals at m/z 44, 28, 16, and
12 can be attributed to dissociative reionization of CO
and CO2. The peaks at m/z 62, 32, 30, and 14 could be
due to reionized CD3O–CAO
z (formed directly from the
molecular ion) and its dissociation products. However,
other processes may contribute to the CIDI mass spec-
trum. For example, gas may leak out of the cell to the
region upstream of the deflector electrode, where it may
dissociatively neutralize DMO-d6
z1 itself into CD3O–
CAOz which is then reionized in the cell leading to a
signal at m/z 62. When the pressure was reduced to 8 3
1028 torr, the spectrum in Figure 5b was obtained. This
reduction in pressure has two effects: it reduces diffu-
sion of the gas into the drift tube and it reduces second
order processes, such as neutralization–reionization.
Indeed, it can be seen that m/z 62 (and its dissociation
products) has almost disappeared. This spectrum rep-
resents the CIDI mass spectra of CD3
z , CO, and CO2.
Thus, most DMO-d6 molecular ions do indeed undergo
Table 1. Appearance energies, measured by photoionization, of dissociation products of dimethyl oxalate (DMO) and its deuterium
labeled isotopomer DMO-d6
Product ion Neutral lost AE (eV)
CH3O–CAO
1 from DMO CH3O–CAO
z or CH3
z 1 CO2 10.40 6 0.1 (10.48 6 0.05)
a
CH3O–CAO
1 from DMO-d6 CD3O–CAO
z or CD3
z 1 CO2 10.50 6 0.05
CD2AO z z z D z z z OAC–OCD3
z1 CO 10.40 6 0.1
CH3O–C–OCH3
z1 from DMO CO2 10.40 6 0.05
aFrom [7].
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consecutive losses of CO2 and CD3
z . That CD3O–CAO
z
radicals are not formed does not mean that CD3O–
CAOz is intrinsically unstable: as shown in Figure 5c
(also recorded at a pressure of 8 3 1028 torr), they are
clearly generated in the dissociation of ionized methyl
pyruvate, CD3O–C(AO)–C(AO)–CH3
z1 3 CD3O–
CAOz 1 CH3CAO
1 as evidenced by the peak at m/z 62.
Note also that, in contrast to m/z 62 in Figure 5a, the
peak in Figure 5c is narrow, which is to be expected for
an undissociated reionized species.
We now have solid evidence from AE measurements
and CIDI experiments that metastable DMOz1 ions
dissociate to CH3O–CAO
1 and CO2 1 CH3
z , to the
exclusion of intact CH3O–CAO
z. In addition, the CID
experiments with a charged cell as described above
show that first CO2 is lost and then CH3
z is released. The
whole process takes place some 10 kcal/mol below the
calculated threshold for CH3O–CAO
1 1 CH3O–CAO
z.
As can be seen from Figure 3c, the ionization efficiency
curve for the formation of m/z 62 from DMO-d6 (as well
as that for m/z 59 from DMO) at first rises slowly, and
then after 11.2 eV it increases rapidly. This steeply
rising curve may well correspond to the higher energy
formation of CH3O–CAO
1 and (intact) CH3O–CAO
z, a
simple cleavage reaction. Thus at low internal energies
the sequential losses follow the kinetics of a rearrange-
Figure 3. Photoionization efficiency curves for DMO and its isotopomer DMO-d6: (a) DMO
z1; (b)
[DMO 2 CO]z1; (c) CD3O–CAO
1 from DMO-d6; (d) [DMO-d6 2 CO2]
z1.
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ment process (such as loss of CO2) which rapidly levels
off, but at high internal energies direct dissociation
takes over and the kinetics of a simple cleavage is
followed.
Neutralization of CD3O–CAO
1 and DMOz1;
Formation of CD3O–CAO
z
According to the calculations of Mebel et al. [15] CH3O–
CAOz is a kinetically stable species with a barrier of 27
kcal/mol preventing its exothermic dissociation into
CH3
z 1 CO2, but there is as yet only indirect evidence
for its existence [8]. One way to produce novel neutral
species is by neutralization of the corresponding cations
[17]. In Figure 6a is given the neutralization–reioniza-
tion (NR) mass spectrum of CD3O–CAO
1; the spec-
trum is dominated by a peak for COz1 and a composite
peak for CO2
z1 (which is also shown in the inset), but a
recovery signal at m/z 62 is completely absent. Parallel
with neutralization part of the CD3O–CAO
1 ions may
undergo CID; it is known [1] that upon CID, CD3O–
CAO1 abundantly forms CD3
1 1 CO2 with a small
kinetic energy release and these CO2 molecules enter
the cell and become collisionally ionized to produce a
narrow peak at m/z 44. The presence of the broad
component and the absence of a recovery signal, we
propose, have a common origin. Electron transfer be-
tween kilovolt species is a fast, vertical process, so that
the neutral is generated with the geometry of the ionic
species; thus the neutrals may be formed with a dis-
torted geometry having a high energy and they may in
fact dissociate. In Figure 7 are given the geometries and
energies of the CH3OCAO
1 cation and radical opti-
mized at the 6-311G** level of theory with QCISD(T)
single point calculations [3] and it is seen that the
O–C–O moiety is almost linear in the cation, but bent in
the radical. If the radical is frozen in the ionic geometry
and its energy is then calculated, it is found to lie as
much as 55.6 kcal/mol above the ground state; see
Figure 7. This is much higher than the barrier for the
dissociation into CH3
z 1 CO2 (27 kcal/mol), so that the
neutralized species will rapidly dissociate. This disso-
Figure 4. Energy diagram for the low energy dissociations of
DMOz1. Heats of formation from ref 10(a). DHf
[CH2AOzzzHzzzOAC–OCH3]
z1 (99 kcal/mol) from [27]; DHf
[CH3O–C–OCH3]
z1 (148 kcal/mol) from [23].
Scheme 2
Figure 5. CIDI mass spectra of: (a) fully deuterated dimethyl
oxalate (DMO-d6), pressure 5 3 10
27 torr; (b) DMO-d6, pressure
8 3 1028 torr; (c) methyl pyruvate (OCD3), pressure 8 3 10
28 torr.
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ciation is exothermic by 75 kcal/mol and this leads to
the large kinetic energy release, T, observed (from the
“horns” of the peak we estimate T ;20 kcal/mol, so
that about 20% of the excess energy appears as transla-
tional energy which considering the number of degrees
of freedom (10) appears reasonable [31]).
The NR mass spectrum of DMO-d6 is given in Figure
6b, and in contrast to the CIDI mass spectrum (Figure
5a) m/z 62 is now the base peak. (This lends further
support for our proposal that the “recovery” signal at
m/z 62 in the CIDI mass spectrum of DMO-d6
z1 is
indeed due to dissociative neutralization.) The CID
mass spectrum of these m/z 62 ions, Figure 6c, dem-
onstrates that they have retained the CD3O–CAO
1
structure. These experiments clearly show that
CD3O–CAO
1 are kinetically stable species. The peak
for CO2
z1 in the NR mass spectrum of DMO-d6 still
contains the broad component mentioned above. The
NR mass spectrum can be rationalized on the basis of
structure 1cz1 in Scheme 2. This species can be viewed
as an ion– dipole complex of linear CH3O–CAO
1 and
bent CH3O–CAO
z. As shown in Scheme 3, upon
dissociative neutralization two types of CD3O–CAO
z
radicals are formed, one with a linear geometry
which, as discussed above, dissociates to CH3
z 1 CO2
and one with a bent geometry which does not disso-
ciate and is reionized as an intact species.
Figure 6. NR mass spectra of: (a) CD3O–CAO
1; inset peak at m/z
44; (b) the molecular ion of fully deuterated dimethyl oxalate
(DMO-d6
z1); (c) collision-induced dissociation mass spectrum of
the m/z 62 CD3O–CAO
1 ion in spectrum 6b.
Figure 7. Energy diagram for the dissociative neutralization of
the methoxycarbonyl cation CH3OCAO
1.
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Summary and Conclusions
From the experiments on DMO described above we
conclude the following:
i. At threshold, DMO ions fragment step-wise by first
losing CO2 to generate the ionized carbene CH3O–C–
OCH3
z1 and this species then releases a CH3
z group.
There is no competitive shift. At higher energies
direct dissociation to intact CH3O–CAO
z takes place.
Dissociation by the consecutive loss of CO2 and CH3
z
is possible because CH3O–CAO
z is thermodynami-
cally less stable.
ii. The competitive loss of CO generates, via a rate
determining 1,5-H shift, the hydrogen bridged radi-
cal cation CH2AO z z z H z z z OACOCH3
z1, 2z1.
iii. Neutralization of CH3O–CAO
1 leads to excited
CH3O–CAO
z radicals which rapidly dissociate to
CH3
z 1 CO2. This occurs because neutralization is a
vertical process and the radical is generated with a
distorted high energy geometry.
iv. Neutralization of DMO ions too is completely dis-
sociative, the major product being CH3OCAO
z rad-
icals. Half of these radicals are formed in the ground
state and these survive reionization. Thus, despite
its thermodynamic instability, CH3O–CAO
z is a
kinetically stable species.
Acknowledgments
The Farkas Research Center is supported by the Minerva Gesell-
schaft fu¨r die Forschung GmbH, Mu¨nchen. J.K.T. thanks the
Natural Sciences and Engineering Research Council of Canada
(NSERC) for financial support and Professor John L. Holmes for
stimulating discussions.
References
1. Blanchette, M. C.; Holmes, J. L.; Hop, C. E. C. A.; Lossing, F. P.;
Postma, R.; Ruttink, P. J. A.; Terlouw, J. K. J. Am. Chem. Soc.
1986, 108, 7589.
2. McMahon, T. B.; Heinis, T.; Nicol, G.; Hovey, J. K.; Kebarle, P.
J. Am. Chem. Soc. 1988, 110, 7591.
3. Ruttink, P. J. A.; Burgers, P. C.; Fell, L. M.; Terlouw, J. K. J.
Phys. Chem. A. 1999, 103, 1426.
4. Liehr, J. G.; Larka, E. A.; Beynon, J. H. Org. Mass Spectrom.
1981, 16, 34.
5. For a recent review see: Schalley, G.; Hornung, G.; Schro¨der,
D.; Schwarz, H. Chem. Soc. Rev. 1998, 27, 91.
6. Suh, D.; Kingsmill, C. A.; Ruttink, P. J. A.; Burgers, P. C.; Terlouw,
J. K. Int. J. Mass. Spectrom. Ion Processes 1995, 146/147, 305.
7. Holmes, J. L. Private communication, 1998: this AE measure-
ment was performed by the late Dr. F. P. Lossing (item 890106)
with the instrumentation described in [1].
8. Holmes, J. L.; Lossing, F. P.; Mayer, P. M. J. Am. Chem. Soc.
1991, 113, 9723.
9. Anthoney, M. E.; Carson, A. S.; Laye, P. G.; Yu¨rekli, M. J. Chem.
Thermodyn. 1976, 8, 1009.
10. (a) Lias, S.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17, Suppl.
1. Note that the DHf [DMO] value given in this compilation is
not based on the quoted reference (ref 9). (b) Afeefy, H. Y.;
Liebman, J. F.; Stein, S. E., “Neutral Thermochemical Data,” in
NIST Chemistry WebBook, NIST Standard Reference Data-
base No. 69, Mallard, W. G.; Linstrom, P. J.; Eds., November
1998, National Institute of Standards and Technology, Gaith-
ersburg, MD 20899 (http://webbook.nist.gov/chemistry/).
11. Chickos, J. S.; Sabbah, R.; Hosseini, S.; Liebman, J. F. Struct.
Chem. 1996, 7, 391.
12. Holmes, J. L.; Lossing, F. P. J. Am. Chem. Soc. 1980, 102, 1591.
13. Pedley, J. B.; Naylor, R. D.; Kirby, S. P., Eds. Thermochemical
Data of Organic Compounds; Chapman and Hall: London, 1986.
14. Ochterski, J. W.; Petersson, G. A.; Montgomery, Jr., J. A.
J. Chem. Phys. 1996, 104, 2598 and references cited therein.
15. Mebel, A. M.; Diau, E. W. G.; Lin, M. C.; Morokuma, K. J. Am.
Chem. Soc. 1996, 118, 9759.
16. van Garderen, H. F.; Ruttink, P. J. A.; Burgers, P. C.; McGib-
bon, G. A.; Terlouw, J. K. Int. J. Mass Spectrom. Ion Processes
1992, 121, 159.
17. For a recent review see: Schalley, C. A.; Hornung, G.; Schro¨-
der, D.; Schwarz, H. Chem. Soc. Rev. 1998, 27, 91.
18. Lifshitz, C. Int. J. Mass Spectrom. Ion Processes 1991, 106, 159.
19. Levsen, K. Fundamental Aspects of Organic Mass Spectrometry;
Verlag Chemie: Weinheim, 1978.
20. McLafferty, F. W.; Wachs, T.; Lifshitz, C.; Innorta, G., Irving, P.
J. Am. Chem. Soc. 1970, 92, 6867.
21. Fell, L. M.; Burgers, P. C.; Ruttink, P. J. A.; Terlouw, J. K. Can.
J. Chem. 1998, 76, 335.
22. Tobita, S.; Ogino, K.; Ino, S.; Tajima, S. Int. J. Mass Spectrom. Ion
Processes 1988, 85, 31.
23. Wong, T.; Warkentin, J.; Terlouw, J. K. Int. J. Mass Spectrom. Ion
Processes 1992, 115, 33.
24. Burgers, P. C.; Holmes, J. L.; Terlouw, J. K. Chem. Commun.
1984, 621.
25. (a) Proctor, C. J.; Kralj, B.; Brenton, A. G.; Beynon, J. H. Org.
Mass Spectrom. 1980, 15, 619. (b) Howells, S.; Brenton, A. G.;
Beynon, J. H. Int. J. Mass Spectrom. Ion Phys. 1980, 32, 379.
26. McGlynn, S. P.; Meeks, J. L. J. Electron Spectrom. Relat. Phenom.
1976, 8, 85.
27. Fell, L. M.; Burgers, P. C.; Ruttink, P. J. A.; Terlouw, J. K.,
unpublished.
28. Burgers, P. C.; Terlouw, J. K. In Specialist Periodical Reports:
Mass Spectrometry; Rose, M. E., Ed.; The Royal Society of
Chemistry: London, 1989; Vol 10, Chap 2.
29. (a) Ruttink, P. J. A.; Burgers, P. C.; Fell, L. M.; Terlouw, J. K. J.
Phys. Chem. A 1998, 102, 2976. (b) Burgers, P. C.; Fell, L. M.;
Milliet, A.; Rempp, M.; Ruttink, P. J. A.; Terlouw, J. K. Int. J.
Mass Spectrom. Ion Processes 1997, 167/168, 291. (c) Ruttink,
P. J. A.; Burgers, P. C.; Terlouw, J. K. Can. J. Chem. 1996, 74,
1078. (d) Chamot-Rooke, J.; Amekraz, B.; Tortajada, J.;
Mourges, P.; Audier, H. E. J. Mass Spectrom. 1997, 32, 779.
30. Baranov, V.; Petrie, S.; Bohme, D. K. J. Am. Chem. Soc. 1996,
118, 4500.
31. Burgers, P. C.; Holmes, J. L. Rapid Commun. Mass Spectrom.
1989, 3, 279.
Scheme 3
877J Am Soc Mass Spectrom 1999, 10, 869–877 DO OXALATE IONS BREAK IN HALF?
